Abstract Dihydroxybenzenes are able to reduce Fe(III) and promote the Fenton reaction in the presence of H 2 O 2 . The catechol/Fe(III)/H 2 O 2 system has been successfully used to degrade different compounds, being more efficient than the Fe(II)-Fenton reaction. In this paper the possibilities for using the catecholdriven Fenton reaction to degrade recalcitrant compounds such as the Fe(III)-EDTA complex and veratryl alcohol are reviewed.
Introduction
Dihydroxybenzenes (DHBs), such as catechol, chlorogenic acid and caffeic acid, reduce Fe(III) to Fe(II) (Xu and Jordan, 1998) and enhance the formation of hydroxyl radicals in Fenton reactions (Iwahashi et al., 1997; Moran et al., 1997) . Chemiluminescence studies have shown that DHB-driven Fenton reactions generate more activated species than those produced in the Fe(II)-Fenton reaction (Rodriguez et al., 2001) . Consequently, the oxidative activity of DHB-driven systems is higher than the Fe(II)-Fenton reaction. The formation of a DHB-iron-H 2 O 2 transient complex has been suggested, where iron could be either in the form of Fe(II) or Fe(III) (Rodriguez et al., 2003) . In this reaction, the DHB is oxidized to semiquinone which can further reduce oxygen to superoxide anion or another Fe(III) to Fe(II). In Figure 1 , the mechanism of the DHB-driven Fenton reaction based on catechol (CAT) is shown as an example.
Oxidation of aromatic substrates by π electron exchange between the semiquinones and the aromatic ring (Chen and Pignatello, 1999) , as well as organic production of ·OH is possible (Zhu et al., 2002) . DHBs are also able to coordinate and reduce Cu(II) maintaining Cu(I) in solution, indicating that DHBs could induce and drive a Cu(I)-Fenton reaction (Hider, 1984; Schweigert et al., 2001) .
In nature, the DHB-driven Fenton reaction is efficiently used by wood degrading fungi, Figure 1 Quinone-hydroquinone reactions in the catechol-driven Fenton reaction especially by brown-rot fungi. These organisms use a quinone reductase enzyme to reduce quinones to hydroquinones, closing the cycle (Paszczynski et al., 1999) . We have named the technical application of the mechanism displayed by fungi to produce the OH radical as the fungal advanced oxidation process (FAOP). The DHB assisted and amplified Fenton reaction has also been denominated the Hamilton system (Hamilton et al., 1966; Schweigert et al., 2001) . This system has been successfully applied to degrade recalcitrant compounds (Parra et al., 1998; Rodríguez et al., 1999; Rodríguez et al., 2001; Oviedo et al., in press ), being more efficient than the Fe(II)-Fenton reaction. The use of DHBs could require a lower amount of iron and hydrogen peroxide than a Fenton reaction with Fe(II).
In this paper, the degradation of recalcitrant compounds by the CAT-driven Fenton reaction is reviewed and the advantages of the FAOP are outlined. The degradations of ethylenediaminetetraacetic acid (EDTA) and 3,4-dimethoxybenzyl alcohol (veratryl alcohol, VA), two biological recalcitrant compounds, are discussed. Chemical structures of EDTA and VA are shown in Figure 2 .
EDTA degradation
EDTA is a widely used chelate in household and industrial applications and behaves as a persistent compound in natural waters and in ordinary wastewater treatment plants. Due to its low degradability, advanced oxidation technologies are considered possible methods for EDTA abatement.
The Fe(III)-EDTA complex was degraded up to 90% under optimized conditions for the CAT-driven Fenton reaction and when no additional Fe(III) was used. The Fe(II) was obtained from the reduction of the existing Fe(III) present in the Fe(III)-EDTA complex (Oviedo et al., in press ). The main reaction products were: acetic acid, glyoxal, citric acid, glycine, nitrilotriacetic acid and N-methyl-(2-iminoacetyl)-1,2-dioxaethyl-2-aminoacetic acid (Oviedo et al., in press ).
The EDTA-Fe(III) degradation by the CAT-driven Fenton reaction was compared with a Fe(II)-Fenton reaction. The amount of Fe(II) required in a Fe(II)-Fenton reaction was (to generate the same degradation yield) 10 times higher than in a CAT-driven Fenton reaction. Figure 3A shows the Fe(III)-EDTA degradation kinetic by the CAT-driven Fenton reaction with an optimized concentration of CAT (50 µM) and an initial pH of 3.9 using 2 mM of H 2 O 2. This H 2 O 2 concentration promotes a 38% of Fe(III)-EDTA degradation in 2 hours. A degradation yield of 90% is achieved increasing the H 2 O 2 concentration up to 20 mM ( Figure 3B ).
Veratryl alcohol degradation
VA is a simple lignin model compound, biodegraded only by highly oxidant enzymes such as lignin-peroxidase. It has been used in previous studies to evaluate the potential of the DHB-driven Fenton reactions to degrade the lignin fraction of cellulose pulp mill effluents.
VA was degraded in 95% by the CAT-driven Fenton reaction after 1 hour ( Figure 4A ), while the degradation with the same amount of iron in Fe(II)-Fenton was only 25%. The TOC (total organic carbon) removal was also higher in CAT-driven Fenton reaction compared to the Fe(II)-Fenton reaction (41% and 6%, respectively) ( Figure 4B ). The degradation products of VA by the CAT-driven Fenton reaction were: veratryl aldehyde, veratrylic acid, and diverse aromatic hydroxylated compounds.
The main results and conditions for the CAT-driven Fenton reaction in the degradation of EDTA-Fe(III) and VA are summarized in Table 1 . The results of the reaction without CAT are also shown.
Conclusions
Remarkable degradation yields were obtained by using the CAT-driven Fenton reaction, being higher than those achieved without CAT. For optimal degradation, the molar relation between Fe(III)-EDTA:CAT:H 2 O 2 was 27:1:400 and VA:CAT:H 2 O 2 was 2.7:1:13.3. DHB-driven Fenton reactions represent an important improvement in the application of Fenton systems to pollutant degradation and the presence of a quinone reductase enzyme might not be necessary for the FAOP process.
